Ni(lll) |Graphene|h-BN Junctions as Ideal Spin Injectors 
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Deposition of graphene on top of hexagonal boron nitride (h-BN) was very recently demonstrated 
while graphene is now routinely grown on Ni. Because the in-plane lattice constants of graphite, 
h-BN, graphite-like BC2N and of the close-packed surfaces of Co, Ni and Cu match almost perfectly, 
it should be possible to prepare ideal interfaces between these materials which are respectively, a 
semimetal, insulator, semiconductor, ferromagnetic and nonmagnetic metals. Using parameter-free 
energy minimization and electronic transport calculations, we show how h-BN can be combined with 
the perfect spin filtering property of Nijgraphite and Co|graphite interfaces to make perfect tunnel 
junctions or ideal spin injectors (SI) with any desired resistance-area product. 

PACS numbers: 72.25.Hg, 72.25.Mk, 75.47.Pq, 81.05.U- 



Introduction. Progress in increasing the storage ca- 
pacity of magnetic hard disk drives 1 depends on finding 
materials with large magnetoresistance (MR) ratios and 
suitable resistance-area (RA) products for use as read- 
head sensors. 2 Current read-head technology is based 
upon magnetic tunnel junctions (MTJ) with polycrys- 
talline MgO barriers and tunneling magnetoresistance 
(TMR) ratios MR = (R AP -R P )/R P = (G P -G AP )/G AP 
of around 100%. 1 The subscripts P and AP refer to mag- 
netizations of adjacent magnetic layers being aligned par- 
allel and antiparallel, respectively, in this so-called opti- 
mistic definition of magnetoresistance. MTJs must sat- 
isfy a large number of constraints relating to the assem- 
bly and processing of read-heads so CoFeB electrodes 
are used even though larger MR ratios could be real- 
ized with other choices. 3 To maintain acceptable data- 
transfer rates and signal-to-noise ratios 2,3 when reducing 
the read-head dimensions to read smaller magnetic bits, 
it is essential to have a small RA product; to achieve bit 
densities of 1 Tera-bit/in 2 , it is estimated that RA should 
be of order - 0.1 O/jm 2 . 2 This can be achieved by mak- 
ing the MgO barrier thinner, but only at the cost of a 
reduced MR ratio. 3 Currently used tunnel junctions are 
so thin (iMgO ~ 1-0 nm or only 4-5 atomic layers thick) 
that further reduction will introduce pinholes. If the area 
A is to be made even smaller, it will become necessary to 
find systems with equally high or higher MR ratios and 
lower RA products. Another common scenario is to use 
current-perpendicular-to-the-plane (CPP) metallic GMR 
(giant MR) sensors with MR ratios of order 100%. 

We recently showed 4 that a very few atomic layers of 
graphite sandwiched between close-packed Ni or Co elec- 
trodes should have an infinite magnetoresistance. The 
reason is that graphene and graphite have the same in- 
plane lattice constant as close-packed surfaces of Ni and 
Co so they share a common two dimensional reciprocal 
space. In this reciprocal space, the states graphite has 
at or close to the Fermi energy are located around the 
K point. Ni and Co have no majority spin states at 



the Fermi level at the K point so majority spin states 
cannot enter graphite from Ni or Co without a (large) 
change of transverse crystal momentum. As a conse- 
quence, the majority spin conductance is attenuated ex- 
ponentially when the number of graphene sheets (Gr) is 
increased. Ni and Co minority spin states at the Fermi 
level occupy all of the reciprocal space so they can en- 
ter graphite and once they couple to the Bloch states in 
graphite, they are not attenuated when its thickness is 
increased. A FM|Gr„|FM junction has a very low RA 
product (~ 0.1f2/jm 2 ) which depends very weakly on 
the number n of graphene sheets. This intriguing be- 
haviour depends upon the happy coincidence that the K 
points of all three materials coincide which in turn re- 
sults from a near perfect matching of the in-plane lattice 
parameters of graphite and close packed surfaces of Ni 
and Co. Though this prediction of perfect spin filter- 
ing has yet to be experimentally confirmed, the physical 
principles upon which it is based are very well estab- 
lished and robust. Detailed calculations show a remark- 
able insensitivity to interface roughness, disorder and lat- 
tice mismatch. 4 Because it is based upon (111) oriented 
metal electrodes, an FM|Gr„|FM spin filter is compati- 
ble with the industry-standard (lll)-orientation "pinned 
layer" consisting of a synthetic ferrimagnetic structure 
and antiferromagnetic exchange biasing layer used in all 
read-heads. 3 

Increasing RA. — For other applications it is desirable 
to have a large RA product. For example, high density 
magnetoresistive random access memories (MRAMs) 5 re- 
quire MR ratios in excess of 150% at room tempera- 
ture, RA products in the range 50 il/im 2 to 10 kil/im 2 
depending on the areal density, and lower current densi- 
ties for switching via spin-transfer torque. 3 Spin electron- 
ics or "spintronics" aims to introduce into conventional 
semiconductor-based electronics the additional spin de- 
gree of freedom used to such good effect in metal-based 
"magnetoelectronics" . Attempts to inject spins directly 
into semiconductors encounter a so-called "conductiv- 
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FIG. 1. Conductances G P ,in (V), G™ aj (A), and G AP (x) 
of a Ni|BN|Gr n |Ni junction as a function of the number of 
sheets of graphene n. Results for 2 sheets of BN are shown. 
Inset: magnetoresistance as a function of n for ideal junctions. 
Here, the pessimistic definition, MR = (-Rap — Rp)/Rap = 
(Gp — Gap)/Gp which does not diverge when Gap is zero, is 
used. 



ity mismatch" problem: the difference in spin-up and 
spin-down resistivity in conventional ferromagnetic met- 
als is negligible compared to the very much larger spin- 
independent resistivity of semiconductors. 6 This prob- 
lem can be resolved by injecting spins through a spin- 
dependent tunnel junction 7 or Schottky barrier 8 but up 
till now the spin polarizations achieved at room tem- 
perature are far from complete. Here we show how 
the RA product of an FM|Gr n |FM junction with FM 
= Ni or Co, can be made arbitrarily large without re- 
ducing the polarization, by inserting m sheets of h-BN 
to make an FM|BN m |Gr„|FM(lll) MTJ. 9 ~ n Hexagonal 
BN is a large band gap semiconductor with an indirect 
gap of 6 eV. 12 More importantly, it has the same hon- 
eycomb structure as graphene, almost the same lattice 
parameter, and can be prepared in monolayer form by 
micromechanical cleavage. 13 Recent success in preparing 
graphene on top of h-BN has led to the observation of 
mobilities comparable to those observed in freely sus- 
pended graphene and has opened the way to a host of 
new transport studies. 14 In Fig.l we show that insert- 
ing two layers of h-BN between the Ni electrode and 
graphene sheets increases the RA product by more than 
three yields of magnitude 4 without any deterioration in 
the polarization. In both cases, with and without h-BN, 
an ideal, essentially 100% MR ratio (pessimistic defini- 
tion, MR = (i? AP - R P )/R AF = (G P - G A p)/Gp) is 
achieved with five layers of graphene. By adjusting the 
number of layers of Gr and h-BN, the RA product can 
be varied essentially arbitrarily. Relaxed structures were 
determined ab-initio by energy minimization 15 using a 
plane- wave basis set and the Projector Augmented Wave 
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FIG. 2. Conductances Gp in (V), Gp aj (A), and G AP (x) of a 
Ni|BN n |Ni junction as a function of the number of BN layers n 
for ideal junctions. Insets: optimistic magnetoresistance as a 
function of n for ideal junction (on the right) and polarization 



of the parallel conductance P = (Gp aj -Gp m )/(Gp aj + G : 



p m ) 



(PAW) formalism 16 as implemented in the VASP code. 1 ' 
Conductances were calculated from first-principles using 
the tight-binding muffin-tin-orbital wavefunction match- 
ing method 18 used in our previous studies. 

The large magnetoresistance of Fe|MgO|Fe 
MTJs 3, 19-22 ig attributed to the crystallinity of the 
MgO tunnel barrier. Since h-BN is crystalline and 
its in-plane lattice constant matches those of (111) Ni 
and Co to better than a percent, we investigated the 
magnetoresistance of FM|BN m |FM(lll) MTJs with m 
sheets of h-BN. 9 - 11 The results are shown in Fig. 2 for 
Ni electrodes. It can be seen that in the wide barrier 
limit the magnetoresistance vanishes. The small MR 
found for thin barriers can be traced to the existence 
of a surface state in the minority channel on Ni(lll). 
As the barrier width increases, the contribution from 
this surface state is quenched. MgO is a cubic material 
with a conduction band minimum at the T-point that 
is much lower in energy than at other high symmetry 
points. States at the Fermi energy of the metal electrode 
which match the s-like symmetry of this conduction 
band minimum are attenuated much more slowly in 
MgO than states with other symmetries. In the case 
of Fe, there is a state with this orbital character at the 
Fermi energy for majority spin but not for minority 
spin. By contrast, the bottom of the conduction band 
(top of the valence band) of h-BN at the K, T, M, 
H and L (respectively, K, T, M, H, A and L) high 
symmetry points in reciprocal space have very similar 
energies 12 so that there is no preferential tunnelling of 
states with a particular orbital character which might 
translate as in the Fe|MgO(001) case into preference 
for a particular spin channel. Perfect lattice matching 
alone is not enough to obtain a large magnetoresistance 



FIG. 3. The most stable configuration of graphene on (111) 
surfaces of the fee non-magnetic metals Al, Ag, Au, Pd and 
Pt with two carbon atoms on top of metal atoms and the 
remaining six on bridge sites. The interface unit cell contains 
8 carbon and 3 metal atoms. 



and h-BN must be used in combination with graphite 
to simultaneously obtain a high MR ratio and large RA 
product. 

Ideal Spin Injector. — The perfect spin filtering prop- 
erties of graphite on close-packed surfaces of Ni or 
Co means that this hybrid system, which we denote 
FM(lll)|Gr„, behaves as a half-metallic material and 
can be used to inject a 100% spin-polarized current into 
non-magnetic materials. As an example, we consider spin 
injection into metallic aluminium where till now the most 
successful means of injecting spin has been by using an 
aluminium oxide tunnel barrier. 23 

The lattice constants of the face-centred cubic non- 
magnetic metals (NM) Al, Ag, Au, Pd and Pt are such 
that a 2 x 2 unit cell of graphene containing 8 carbon 
atoms matches a V3 x v3 surface unit cell of the (111) 
non-magnetic metal almost perfectly. 24 The most sta- 
ble configuration of a graphene|NM(lll) interface is de- 
termined without introducing free parameters by mini- 
mizing the density functional theory (DFT) total energy 
within the local density approximation. The lowest en- 
ergy symmetric configuration we found is illustrated in 
Fig. 3. It has two carbon atoms above NM atoms while 
the remaining six occupy "bridge" sites between metal 
atoms. The equilibrium interlayer distance at the inter- 
face is calculated to be d = 3.41A for aluminium. For the 
other non-magnetic metals Ag, Au, Pd, and Pt, equi- 
librium geometries and binding energies can be found 
elsewhere. 24 Once an interface geometry has been deter- 
mined, the conductance can be calculated. The results 
are shown in Fig. 4 for Ni|Gr„|Al(lll) as a function of n. 
This figure demonstrates the saturation of the minority 
spin injection and rapid exponential attenuation of the 
majority spin injection resulting in 100% polarization of 
the injected carriers. 

FM(lll)|Gr„ could also be used to inject spins into a 
doped semiconductor such as Si or GaAs though in prac- 
tice it might be desirable to include some layers of h-BN 
to match the impedance of the semiconductor. Should 
the 6 eV bandgap of h-BN be too large, BC2N with 
the same layered structure as graphite and h-BN and 
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FIG. 4. Conductances G min (V), G maj (A) of a Ni|Gr„|Al 
junction as a function of the number of graphene layers n for 
ideal junctions. 



a bandgap of 2 eV 25,26 slightly larger than those of Si 
and GaAs is an alternative. 

Discussion. — The spin filtering discussed in the pre- 
ceding is based upon the materials considered having lat- 
tice constants which are almost perfectly matched so that 
they share a common two dimensional reciprocal space 
where only states of one spin in (lll)-oriented Ni (or 
Co) are compatible with the states at the Fermi energy 
in graphene or graphite. 4 Since the calculations we have 
presented would have been impossible without this lat- 
tice matching, this poses the question of how sensitive our 
results will be to any perturbation which breaks perfect 
translational symmetry. In Ref. 4, we explicitly studied 
the effect of disorder and lattice-mismatch at one of the 
interfaces on the spin filtering and found it to be small, 
much smaller than in the case of Fe(001) [semiconductor 
interface disorder 27 or interface roughness for MTJs. 28 
We argued that the robustness of the FM|Gr„|FM(lll) 
spin filtering to these types of disorder was related to 
the large region about the K-point in reciprocal space 
where there are no Ni (or Co) majority-spin states. The 
same arguments should hold when h-BN is included in a 
FM|Gr„|BN m |FM(lll) MTJ. 

For PM(lll)|Gr n or FM|Gr„|BN m to be useful as spin 
injectors (SI), the non-magnetic material (NMM) into 
which wc wish to inject spins should ideally not have to 
be lattice matched to the injector. We expect the nature 
of the SI|NMM interface or of NMM itself (whether or 
not it is lattice-matched or even crystalline) to be unim- 
portant as long as (i) the FM(lll)|Gr„ interface is suf- 
ficiently defect-free that the majority spin interface re- 
sistance is large compared to p c i c , the c-axis resistivity 
of graphite times the mean free path in graphite and 
(ii) n is large, i.e. the graphite layer is so thick that the 
FM(lll)|Gr„ and SI | NMM interfaces are essentially un- 
coupled so there is no tunnelling of majority spin elec- 
trons through graphite into NMM. In this case, it should 
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be possible to consider electronic transport in a two step 
process. In the first step, spins are injected from FM(lll) 
into graphite creating a spin-accumulation there. In the 
second step, the non-equilibrium spins are injected into 
the NMM and the conservation of transverse momen- 
tum is unimportant. Though many studies indicate that 
it is possible to prepare essentially perfect Ni| graphite 
interfaces, quantitative studies need to be made of the 
maximum majority spin interface resistance achievable 
for a given interface defect density. If they can be made 
sufficiently defect-free, then it should be possible to es- 
tablish a non-equilibrium spin population of the conduc- 
tion bands of graphite ("spin-accumulation") which will 
have a long lifetime because of the low atomic number of 
carbon and its very weak intrinsic spin-orbit interaction. 

Summary. Lattice matched materials figure promi- 
nently in the discovery of new physical effects at in- 
terfaces. Because the in-plane lattice constants of 
semimetallic graphite, insulating hexagonal boron nitride 
(h-BN), semiconducting BC2N and of the close-packed 
surfaces of ferromagnetic Co and Ni and non-metallic Cu 
match almost perfectly, these materials form an interest- 



ing system in which to study electronic transport. We 
showed by explicit calculation how h-BN can be used to 
increase the RA product of FM|Gr„|FM(lll) spin fil- 
ters without decreasing the magnetoresistance and how 
FM|Gr„ J could be used to inject a single spin species into 
Al (a superconductor at low temperatures) as an example 
of a non-magnetic material. 
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